Introduction
The methods of quantum nuclear dynamics are important in the study of energy dissipation in molecular systems of interest in chemistry and biology. Over the past decade they 5 have shown particular utility in studying photoexcited molecular dynamics and unravelling the results of pulsed laser femtochemistry experiments. Recent examples of joint experimental and quantum dynamics studies from our group 10 include the photochemistry of benzene [1] and pyrrole [2] . The use of such methods by the non-specialist has, however been restricted historically with the main stumbling block being the construction of the potential energy sur- [3, 4] . Methods such as trajectory surface hopping [5, 6, 7] and ab initio multiple spawning [8, 9, 10] have proved their usefulness in many studies. Surface hopping, however, is a semi-classical method and in spawning the ba- [11, 12, 13, 14, 15, 16, 17, 18, 19, 20] . method [21, 22, 23 ] to obtain such PESs, but this method is restricted to two electronic states and systems that cross states around a well-defined point. Recently, [24] we introduced the propagation diabatisation method which allows construc-50 tion of global diabatic states on-the-fly by propagation of the adiabatic/diabatic transformation matrix along paths in molecular configuration space. That work demonstrated the method on a two-state model, however, it was noted that the 55 method could be extended to treat any number of states. Herein we present the first DD-vMCG calculations performed using this scheme on more than two states.
We first consider the butatriene cation, as 60 tested in our earlier work [24] , using three and four states. Butatriene is an ideal test of diabatisation schemes because of its well characterised conical intersection (CI) between the ground and first-excited states [11, 25] . We return to it as the 65 previous calculations indicated the presence of a higher lying state that becomes degenerate with the first-excited state at geometries away from the intersection, but accessible. We now confirm the presence of this additional crossing.
70
The final part of this work is a brief study of thymine. The use of quantum dynamics to study DNA bases is of great interest as it is thought that non-adiabatic effects are responsible for the rapid dissipation of energy after absorption of ultra-75 violet photons. This process has been studied intensely, both theoretically [9, 19, 26, 27, 28, 29] and experimentally [30, 31, 32] (for recent reviews see [33, 34, 35] ), with the actual pathways debated. It is thought that the three 80 lowest lying electronic states are responsible for the dissipation, which occurs over three distinct timescales [33] . Thymine has been studied using DD-vMCG before with only the two upper states included and in reduced dimensionality [19] . Our 85 calculations here include all modes and three states and show wavepacket transfer between them, an important step towards being able to fully describe this process.
Methodology

90
The DD-vMCG method was recently reviewed elsewhere [12] , but briefly, the nuclear wavefunction is expanded as a linear combination of time-dependent Gaussian wavepackets (GWPs),
Applying the Dirac-Frenkel variational principle yields equations-of-motion for the vector of coefficients, A j , and for the GWPs, g j , respectivelẏ
where S is the GWP overlap matrix, H the GWP Hamiltonian matrix, τ the matrix of over- The C-matrix and Y-vector involve a projector out of the space of the GWPs,
The use of a projector involving non-orthogonal functions, however, can cause numerical problems due to the inverse of the overlap matrix becoming singular when the functions become linearly dependent. We have thus implemented a modified version of these equations, whereby
Gram-Schmidt orthonormalisation is used to generate an orthonormal basis, {φ i }, and a GWP found to be linearly dependent to those preceding it, has zero-coefficient in this matrix. This allows the construction of a projector which does not involve the inverse of the overlap matrix
For non-adiabatic systems with multiple potential energy surfaces the equations are extended by 100 either using different sets of GWPs for each state (multi-set formalism), or a single set of GWPs with vectors to index the expansion coefficients for the states (single-set formalism). For details see Ref. [36] .
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The on-the-fly diabatisation uses the propagation of the adiabatic/diabatic transformation matrix, K. Defining the non-adiabatic coupling term (NACTs) between adiabatic states ψ i and ψ j ,
where V ii and V jj are their respective energies. In this work ∇ α implies differentiation with respect to the nuclear coordinate, R α . The diabatisation method uses the relationship [37] ∇K ≈ −FK (6) where F is the matrix of NACT vectors. This expression is exact if the basis set of electronic states ψ j is complete, with the curl of the couplings being zero [37] , but is necessarily approximate in practical calculations due to trunca-110 tion of the electronic basis. However, near
CIs, the regions where accuracy of the diabatisation procedure is most important, the nonremovable couplings (to the excluded states) are insignificant [38] and the expression valid.
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Integration of this expression along some path between two molecular geometries, R and R + ∆R, yields the transformation matrix at the end point [24, 39] . ceeds that distance from the nearest geometry in the database). This is an unnecessary complication and is hence no longer done, so the integral is just performed between the two original points.
In the following we apply this method, imple-140 mented in a development version of the Quantics package [43] , to two molecules with more than two electronic states.
Results
Butatriene
145
We return to the butatriene cation to demonstrate the capabilities of the extended propagation diabatisation method. In Ref. [24] it was noted that a high lying intruder state was suspected during the course of the dynamics, due The electronic structure calculations were 165 performed using the complete active space selfconsistent field method (CASSCF) with state averaging (SA) (the weighting of each state being equal) and 5 electrons in 6 orbitals (covering the π-system) with the 3-21G basis set.
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The normal modes were calculated at the neutral ground-state minimum energy geometry using CASSCF (6, 6) The population transfer to theB state is more significant when using the 3-state model and a plot is shown in Figure 3 
Thymine
Having shown the difference in the dynam-
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ics caused by the inclusion of more electronic states in a reduced dimensionality model of a small molecular system, we now consider a larger molecule, the photophysics of which are of broad interest, namely thymine.
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A previous work by one of us and others involved performing DD-vMCG calculations on the first two excited states of thymine, S 1 and S 2 , the former of (n, π * ) character, the latter with (π, π * )
character [19] . That work was limited to these As in earlier papers [19, 26] we used the give an improved approximation of the FC point.
The wavepacket was vertically excited from this geometry to the second excited state, (π, π * ), and allowed to propagate for 80 fs. The overall level of population transfer is similar to that seen in Ref. [19] , however, the popu-505 lation transfer in that work was more rapid than here because the wavepacket was given a non-zero initial momentum along particular modes in order to push it towards particular CIs. Here the wavepacket is initialised with zero momentum in 510 all directions and allowed to propagate with no preference towards any particular geometry.
The general picture seen in the 40 and 79 GWP calculations is the similar but with some differences. Longer propagation times would con-515 firm whether this pattern is continued, but improvements in the propagation algorithms and/or computational resources would be required to confirm this or otherwise
Conclusions
520
In this letter we have presented the first set of results using the DD-vMCG quantum dynamics method on more than 2 diabatic states. This has been allowed by extension of our previously pub- 
